PLS3 (phospholipid scramblase-3) is a new member of the family of phospholipid scramblases and transports CL (cardiolipin) from the inner to the outer mitochondrial membrane. In the present paper we examined whether changing the levels of functional PLS3 in HeLa cells altered de novo CL biosynthesis and its resynthesis. HeLa cells overexpressing PLS3 or expressing a disrupted PLS3 (F258V) or control were incubated with [1,3-3 H]glycerol and radioactivity incorporated into CL was determined. CL biosynthesis from [1,3-3 H]glycerol was increased 1.8-fold in PLS3 cells and 2.1-fold in F258V cells compared with control. This was due to a 64 % (P < 0.05) and 2.6-fold (P < 0.05) elevation in CL synthase activity in PLS3 and F258V cells respectively, compared with control, and not due to changes in phosphatidylglycerolphosphate synthase activity. The increase in CL synthase activity in these cells was due to an increase in its mRNA expression. In contrast, resynthesis of CL from [1-14 C]linoleic acid was reduced 52 % (P < 0.05) in PLS3 and 45 % (P < 0.05) in F258V cells compared with control and this was due to a reduction in mitochondrial monolysocardiolipin acyltransferase activity. Although protein levels of mitochondrial monolysocardiolipin acyltransferase were unaltered, activity and mRNA expression of endoplasmic reticulum monolysocardiolipin acyltransferase was upregulated in PLS3 and F258V cells compared with controls. These data indicate that the CL resynthesis in HeLa cells is sensitive to the mitochondrial localization of CL and not the level of the reacylating enzymes. Alterations in functional PLS3 levels in PLS3 or F258V cells did not affect the mitochondrial decarboxylation of phosphatidylserine to phosphatidylethanolamine indicating that the biosynthetic changes to CL were specific for this mitochondrial phospholipid. We hypothesize that the cardiolipin resynthesis machinery in the cell 'senses' altered levels of CL on mitochondrial membranes and that de novo CL biosynthesis is upregulated in HeLa cells as a compensatory mechanism in response to altered movement of mitochondrial CL. The results identify PLS3 as a novel regulator of CL de novo biosynthesis and its resynthesis.
PLS3 (phospholipid scramblase-3) is a new member of the family of phospholipid scramblases and transports CL (cardiolipin) from the inner to the outer mitochondrial membrane. In the present paper we examined whether changing the levels of functional PLS3 in HeLa cells altered de novo CL biosynthesis and its resynthesis. HeLa cells overexpressing PLS3 or expressing a disrupted PLS3 (F258V) or control were incubated with [1,3- 3 H]glycerol and radioactivity incorporated into CL was determined. CL biosynthesis from [1,3- 3 H]glycerol was increased 1.8-fold in PLS3 cells and 2.1-fold in F258V cells compared with control. This was due to a 64 % (P < 0.05) and 2.6-fold (P < 0.05) elevation in CL synthase activity in PLS3 and F258V cells respectively, compared with control, and not due to changes in phosphatidylglycerolphosphate synthase activity. The increase in CL synthase activity in these cells was due to an increase in its mRNA expression. In contrast, resynthesis of CL from [1-14 C]linoleic acid was reduced 52 % (P < 0.05) in PLS3 and 45 % (P < 0.05) in F258V cells compared with control and this was due to a reduction in mitochondrial monolysocardiolipin acyltransferase activity. Although protein levels of mitochondrial monolysocardiolipin acyltransferase were unaltered, activity and mRNA expression of endoplasmic reticulum monolysocardiolipin acyltransferase was upregulated in PLS3 and F258V cells compared with controls. These data indicate that the CL resynthesis in HeLa cells is sensitive to the mitochondrial localization of CL and not the level of the reacylating enzymes. Alterations in functional PLS3 levels in PLS3 or F258V cells did not affect the mitochondrial decarboxylation of phosphatidylserine to phosphatidylethanolamine indicating that the biosynthetic changes to CL were specific for this mitochondrial phospholipid. We hypothesize that the cardiolipin resynthesis machinery in the cell 'senses' altered levels of CL on mitochondrial membranes and that de novo CL biosynthesis is upregulated in HeLa cells as a compensatory mechanism in response to altered movement of mitochondrial CL. The results identify PLS3 as a novel regulator of CL de novo biosynthesis and its resynthesis.
INTRODUCTION
Phospholipids are important structural and functional components of the biological membrane and define compartmentalization of organelles and the protective barrier, the cell membrane, which surrounds cells [1] . The major polyglycerophospholipid in mammalian tissues is bis-(1,2-diacyl-sn-glycero-3-phospho)-1 ,3 -snglycerol or CL (cardiolipin) [2] . CL is responsible for modulation of the activity of a number of mitochondrial membrane enzymes involved in the generation of ATP [for reviews see [3] [4] [5] . Alteration in the content and the molecular species composition of CL will alter oxygen consumption in mammalian mitochondria [6, 7] . For example, in rat heart subjected to ischaemia and reperfusion, the reduction in complex III activity is coupled with a reduction in CL [8] . CL interaction with mitochondrial proteins is specific since substitution with other phospholipids does not fully reconstitute their activity. Indeed, it has been suggested that CL may be the 'glue' that holds the mitochondrial respiratory complexes together [9] . The role CL plays in apoptosis has been extensively reviewed [10, 11] . We have previously demonstrated that addition of the pro-apoptotic factor TNF-α (tumour necrosis factor-α) to H9c2 cells stimulated mitochondrial PLA 2 (phospholipase A 2 ) activity towards mitochondrial phospholipids [12] . MLCL (monolysocardiolipin) accumulates during Fasmediated apoptosis as a byproduct of CL degradation by PLA 2 and enhances t-Bid binding to membranes [13] . Based upon these and several other studies, it appears that CL metabolism may play a central role in the pathway leading to cellular apoptosis. Moreover, reduction in CL levels and accumulation of MLCL is a key observation in Barth Syndrome, an X-linked genetic disease [reviewed in 14] . Thus maintenance of the appropriate content, localization and movement of CL within mitochondria is essential for proper mammalian cell function.
CL de novo biosynthesis occurs in the inner mitochondrial membrane via the CDP-DG (cytidine-5 -diphosphate-1,2-diacylglycerol) pathway [reviewed in 4, 5] . Initially, phosphatidic acid is converted to CDP-DG by CDS (CDP-DG synthetase). CDP-DG then condenses with sn-glycerol-3-phosphate to form PG (phosphatidylglycerol) catalysed by PGPS (phosphatidylglycerolphosphate synthase) and PGPP (phosphatidylglycerolphosphate phosphatase). PG is then converted to CL by condensation with CDP-DG catalysed by CLS (CL synthase). The newly formed Abbreviations used: ALCAT1, acyl-CoA:lysocardiolipin acyltransferase 1; CDP-DG, cytidine-5 -diphosphate-1,2-diacylglycerol; CDS, CDP-DG synthetase; CL, cardiolipin; CLS, CL synthase; DMEM, Dulbecco's modified Eagle's medium; ER, endoplasmic reticulum; FBS, fetal bovine serum; hCLS, human CLS; MLCL, monolysocardiolipin; MLCL AT, MLCL acyltransferase; PE, phosphatidylethanolamine; PG, phosphatidylglycerol: PGPS phosphatidylglycerolphosphate synthase; PLA 2 , phospholipase A 2 ; PLS, phospholipid scramblase; PS, phosphatidylserine; RT, reverse transcriptase. 1 To whom correspondence should be addressed (email hatchgm@ms.umanitoba.ca).
CL is then resynthesized by a deacylation/reacylation pathway involving PLA 2 and either a mitochondrial or ER (endoplasmic reticulum) MLCL AT (MLCL acyltransferase) or by a CL transacylase to enrich the content of linoleic acid in CL [4] . PLS (phospholipid scramblases) are membrane-bound enzymes responsible for bi-directional movement of phospholipids [15] . Four family members have been identified. PLS1 is localized to the plasma membrane and PLS2 is localized predominantly in the nucleus [16] . We have previously identified a new member of the family PLS3 and demonstrated that it was localized to the mitochondria [17] . One function of PLS3 is to transport CL from the mitochondrial inner membrane to the outer membrane. The enzyme is activated by phosphorylation by PKCδ (protein kinase C δ) and is dependent on the binding of calcium [18] . Disruption of its conserved calcium-binding motif results in an inactive mutant F258V [17] . Cells transfected with F258V exhibited reduced proliferative capacity and decreased mitochondrial mass with less cytochrome C and CL content, poor mitochondrial respiration, reduced oxygen consumption and intracellular ATP. Electron microscopic examination revealed that the mitochondria in F258V-expressing cells have densely packed cristae and are fewer in number but larger than those in control cells. The abnormal mitochondrial metabolism and structure in F258V-expressing HeLa cells were associated with decreased sensitivity to UV-and tBid-induced apoptosis and diminished translocation of CL to the mitochondrial outer membrane. In contrast, wild-type PLS3-transfected HeLa cells exhibited increased mitochondrial mass, enhanced respiration, increased sensitivity to apoptosis and enhanced CL translocation. It is unknown how altered transport of CL between the inner and outer mitochondrial membranes changes CL biosynthesis. In the present paper we show that de novo biosynthesis of CL from glycerol is unregulated and CL resynthesis from linoleic acid is decreased in growing HeLa cells when the function of PLS3 is modulated. ]serine experiments, cells were incubated in the absence or presence of 0.2 µM myriocin. The medium was removed and the cells washed twice with ice-cold PBS and then harvested for lipid extraction from the dish with 2 ml methanol/water (1:1 v/v). CL was separated from other phospholipids by two-dimensional TLC and radioactivity incorporated into CL was determined as described in [19] .
MATERIALS AND METHODS

Materials
Determination of enzyme activities
HeLa cells were incubated for 3 days with DMEM containing 10 % FBS with a change of medium once after 24 h. Subsequently, the cells were washed twice with ice-cold PBS and harvested with 2 ml lysis buffer [10 mM Tris/HCl, (pH 7.4) and 0.25 M sucrose]. Cells were homogenized with 30 strokes of a Dounce A homogenizer. The homogenate was centrifuged at 1000 g for 5 min and the supernatant centrifuged at 10 000 g for 15 min. The pellet was resuspended in 0.5 ml homogenization buffer and used for the assay of mitochondrial enzyme activities. The supernatant was centrifuged at 100 000 g for 60 min. The pellet was resuspended in 0.5 ml homogenization buffer and used for the assay of ER ALCAT1 (acyl-CoA:lysocardiolipin acyltransferase 1) enzyme activity. CDS, PGPS, CLS and mitochondrial MLCL AT enzyme activities were determined as described in [19, 20] . In some experiments purified pig liver mitochondrial MLCL AT was incubated in the absence or presence of 0.1-100 µM CL. CL transacylase activity was determined as described in [21] . Mitochondrial PLA 2 activity was determined as described in [22] .
RT-PCR analysis
The cDNA for ALCAT1 was amplified with a pair of specific primers synthesized by Invitrogen TM Life Technologies. Total RNAs from vector control, PLS3 and F258V HeLa cells were isolated using Trizol reagent according to the manufacturer's instructions. The RNA pellets were suspended in autoclaved, doubledistilled water and quantified by absorbance at 260 nm using the 260/280 nm ratio as an index of purity. The integrity of the RNA was confirmed by denaturing agarose gel electrophoresis of the isolated RNA. The first strand cDNA from 1 µg of total RNA was synthesized by employing 150 units of moloney murine leukaemia virus RT, 25 pmol of random hexamer primer, 20 units of ribonuclease inhibitor, 1 mM dithiothreitol and 10 pmol each of the four deoxynucleotides, in a total volume of 15 µl. The reaction mixture was incubated at 37
• C for 1 h and terminated by boiling the sample at 95
• C for 5 min. An aliquot of the resultant cDNA preparation was used directly for each amplification reaction. The primers for mammalian ALCAT1 have been previously described in [23] . PCR was performed in 20 µl reaction mixtures containing 8 pmol of primer, 8 pmol of each dNTP and 0.4 units of Taq DNA polymerase. The mixture was overlaid with 30 µl of mineral oil to prevent evaporation and was incubated in a PerkinElmer DNA Thermal Cycler under the following conditions: denaturation at 94
• C for 30 s; annealing at 58 • C for 30 s; and extension at 72
• C for 1.5 min; repeated for 26 cycles. Under the RT-PCR conditions employed, the level of the PCR product was dependent upon the amount of templates employed in the reaction (results not shown). The amplified RT-PCR product was analysed by agarose gel (1.5 %) electrophoresis in 1 × TAE buffer (40 mM Tris acetate and 2 mM sodium EDTA) and visualized by staining with 0.5 µg ethidium bromide. The primers for human β-actin: forward 5 -GTG GGG CGC CCC AGG CAC CA-3 ; reverse 5 -CTC CTT AAT GTC ACG CAC GAT TTG-3 . The PCR product length was 540 bp. The PCR conditions were denaturation at 94
• C for 1 min; annealing at 55
• C for 1 min; and extension at 72
• C for 30 s; repeated for 25 cycles. The cDNA for CLS was amplified with a pair of specific primers synthesized by Invitrogen TM Life Technologies. Human CLS (hCLS1) primers have been previously described in [24] ; hCLS1 forward primer: 5 -TTT GTT GGA  TGG ATT TAT TGC TC-3 and hCLS1 reverse primer: 5 -TGT  TCG TGG TGT TGG AAG AG-3 . The PCR conditions were  denaturation at 94 • C for 30 s; annealing at 60 • C for 30 s; and extension at 72
• C for 45 s; repeated for 25 cycles. Under the RT-PCR conditions employed, the level of the PCR product was dependent upon the amount of templates employed in the reaction (results not shown). The amplified RT-PCR product was analysed by agarose gel (1.2 %) electrophoresis as described above. To dissect whether the mechanism of mRNA changes is caused by an increase in its rate of synthesis, a decrease in its rate of degradation, or a combination of these two processes, we studied mRNA stability using actinomycin D as an inhibitor of RNA synthesis. The mRNA levels for ALCAT1, hCLS1 and β-actin were determined by RT-PCR at 4 h intervals following the actinomycin treatment. No apparent changes in mRNA degradation were observed within a 24 h period, indicating PLS3 disruption did not cause any change in the degradation of the mRNA of each enzyme. The relative intensities of the bands were analysed by scanning the film, and subsequently determined by Scion Image software.
Electrophoresis and Western blot analysis
HeLa cells were incubated for 3 days with DMEM containing 10 % FBS with a change of medium once after 24 h. The cells were harvested, homogenized and cellular fractions prepared as described above. A 25 µg aliquot of the cellular fraction was subjected to SDS/PAGE (7.5 % gels) with molecular-mass standards using a BioRad Mini-Protean ® II Dual Slab Cell electrophoresis unit. Proteins were transferred from the gel onto PVDF membranes by incubation for 90 min at 15 volts using a BioRad TransBlot SD Semi-Dry Transfer Cell. Expression of mitochondrial MLCL AT was examined by incubating the PVDF membrane with the anti-MLCL AT antibody [20] (1:1000 dilution) dissolved in Tris-buffered saline containing 0.1 % Tween 20 and 2 % (w/v) non-fat dried milk powder overnight at 4
• C. Subsequently, the membrane was washed and incubated with a peroxidase labelled anti-rabbit secondary antibody (1:5000) for 5-30 min at room temperature (23 • C). Expression of β-actin was examined by incubating the PVDF membrane with the antibody as previously described [25] . Protein bands in the membrane were visualized by enhanced chemiluminescence. The relative intensities of the bands were analysed by scanning the film, and subsequently determined by Scion Image software.
Other determinations
The fatty acid composition of CL was determined by gas chromatographic analysis as previously described [26] . The protein concentration was determined as described in [27] . The student's t test was used for determination of statistical significance. The level of significance was defined as P < 0.05.
RESULTS
CL de novo biosynthesis from [1,3-3 H]-glycerol is elevated by alterations in PLS3 function
It is unknown how movement of CL between inner and outer mitochondrial membranes affects CL biosynthesis. Thus we examined how overexpression or disruption of transport of CL between the inner and outer mitochondrial membrane by PLS3 alters de novo biosynthesis of CL. Vector (control) HeLa cells, HeLa cells overexpressing PLS3 or HeLa cells expressing the F258V mutant were incubated for 8 h with [1, H]glycerol and the radioactivity incorporated into CL determined. As seen in Figure 1(A) , [1,3- 3 H]glycerol incorporated into CL was 1.8-fold (P < 0.05) and 2.1-fold (P < 0.05) higher in PLS3 and F258V cells compared with control cells. [1,3- 3 H]Glycerol incorporated into PG was unaltered ( Figure 1B) . [1,3- 3 H]Glycerol incorporated into phosphatidic acid and CDP-DG was low and near background levels (results not shown). Total uptake of [1, H]glycerol at 8 h of incubation was 2.1 × 10 5 , 2.2 × 10 5 and 2.1 × 10 5 dpm/mg protein in control, PLS3 and F258V cells respectively. Thus total uptake of [1,3- 3 H]glycerol was similar among all three cell lines. These data indicated that de novo CL biosynthesis from glycerol was increased by either overexpression or disruption of PLS3 levels in HeLa cells.
The reason for the increase in [1,3-3 H]glycerol incorporation into CL was then examined. The activities of the de novo CL biosynthetic enzymes were determined in mitochondrial fractions prepared from control, PLS3 or F258V cells. CDS and PGPS enzyme activities were unaltered in PLS3 and F258V cells compared with control (Table 1 ). In contrast, CLS activities were elevated 1.6-fold (P < 0.05) and 2.6-fold (P < 0.05) in PLS3 and F258V cells respectively, compared with control. Thus the increase in [1,3- 3 H]glycerol incorporation into CL in PLS3 and F258V cells was due to an increase in CLS activity, indicating an increased de novo biosynthesis of CL in these cells. Total mRNA was prepared from control, PLS3 or F258V cells and the relative levels of CLS mRNA were determined. The CLS mRNA were elevated 1.8-fold in F258V and 1.5-fold in PLS3 cells compared with controls, confirming that the expression of CLS was unregulated (Figure 2) . Thus altering PLS3 function in HeLa cells stimulates de novo CL biosynthesis via an increase in CLS mRNA expression and its activity.
CL resynthesis is reduced by alterations in PLS3
Since newly synthesized CL may be rapidly remodelled in mammalian cells [ the radioactivity incorporated into CL was determined. As seen in Figure 3 , [1- 14 C]linoleic acid incorporation into CL was reduced by 51 % (P < 0.05) in PLS3 cells and 45 % (P < 0.05) in F258V cells compared with controls. The total uptake of [1- 14 C]linoleic acid was 4.9 × 10 6 dpm/mg protein and 4.8 × 10 6 dpm/mg protein in PLS3 and F258V cells respectively, and was unaltered compared with control cells (5.0 × 10 6 dpm/mg). These data indicated that CL resynthesis from linoleic acid was decreased by modulation of PLS3.
We next investigated the mechanism for the reduction of [1- 14 C]-linoleic acid incorporation into CL. PLA 2 activities were unaltered in PLS3 and F258V cells compared with controls indicating that the reduction in [1- 14 C]linoleic acid incorporated into CL was not due to an increase in a PLA 2 -mediated hydrolysis of CL (Table 1) . CL transacylase activity was low (<1.0 pmol/min permg protein in these cells) and we could not detect differences between control, PLS3 and F258V cells. In contrast, mitochondrial MLCL AT activities were reduced by 48 % (P < 0.05) and 55 % (P < 0.05) in PLS3 or F258V cells respectively, compared with controls (Table 1) . Thus the reduction in mitochondrial MLCL AT activities in these cells would explain the reduced incorporation of [1- 14 C]linoleic acid into CL. Previously we purified a mitochondrial MLCL AT to homogeneity from pig liver mitochondria and generated a polyclonal antibody to the protein [20] . Western blot analysis using the anti-MLCL AT antibody was performed in control, PLS3 or F258V cells. As seen in Figure 4A the protein level of mitochondrial MLCL AT was unaltered in PLS3 or F258V cells compared with controls. Thus the reduction in MLCL AT activities in these cells was not due to a reduction in protein expression of mitochondrial MLCL AT. We then tested an ER form of MLCL AT (ALCAT1) [23] . ER ALCAT1 activities were elevated 48 % (P < 0.05) in PLS3 cells and 55 % (P < 0.05) in F258V cells compared with controls (Table 1) . Total mRNA was prepared from control, PLS3 or F258V cells and the levels of ALCAT1 mRNA were determined. The mRNA level of ALCAT1 was elevated in both PLS3 and F258V cells compared with controls (Figure 4 ), indicating that ER ALCAT1 was unregulated in response to a reduced resynthesis of CL in these cells and/or an elevated CL biosynthesis.
Previously we demonstrated that the majority of mitochondrial MLCL AT activity was localized to the outer mitochondrial membrane [28] . Since the amount of CL on the outer membrane is elevated in PLS3 cells compared with controls [17] , we examined whether CL could regulate mitochondrial MLCL AT enzyme activity. Purified pig liver mitochondrial MLCL AT was incubated in the absence or presence of 0.1-100 µM CL and enzyme activity was determined. As seen in Table 2 mitochondrial MLCL AT activity was inhibited by increasing the amount of CL in the incubation mixture. The inhibition of enzyme activity was similar to that observed with other exogenous phospholipids [29] . Thus it was possible that the increase in CL content on the outer membrane in PLS3 cells may have led to the reduction in mitochondrial MLCL AT activity in these cells. In F258V cells total CL levels were reduced by almost 50 % compared with controls [17] . Thus it was possible that a change in the phospholipid composition of mitochondrial membranes mediated by a reduction in CL levels resulted in a decrease in mitochondrial MLCL AT activity. Finally, we examined the fatty acid composition of CL in these cell lines. The major fatty acid species observed in HeLa cell CL were 14:0 (6 %), 16:0 (55 %), 18:0 (9 %), 18:1 (7 %), 18:2 (7 %) and others (16 %) , and these species were unaltered between control, PLS3 and F258V cells. Thus the observed reduction in mitochondrial MLCL AT activity was not due to an alteration in the fatty acid composition of mitochondrial CL in PLS3 or F258V cells. 
Phosphatidylserine (PS) and phosphatidylethanolamine (PE) synthesis from serine is not affected by alterations in PLS3
The PLS3 and F258V cells have dramatic alterations in mitochondrial morphology and function [17] . To determine whether the effects of PLS3 on de novo synthesis of mitochondrial phospholipids were specific to CL, we examined the biosynthesis of PE from PS, a phospholipid biosynthetic process exclusive to mitochondria. Control, PLS3 or F258V cells were incubated for 1 h with [ 3 H]serine in the absence or presence of the serine palmitoyltransferase inhibitor myriocin and the radioactivity incorporated into PS and PE was determined. Myriocin was added to inhibit [ 3 H]PE synthesis from sphingoid base catabolism [30] . Total [
3 H]serine incorporation into PS and PE was similar among all three cell lines in the absence or presence of myriocin (Table 3) . Thus overexpression or disruption of functional PLS3 activity in HeLa cells does not alter de novo PS biosynthesis from serine nor the mitochondrial decarboxylation of PS to PE.
DISCUSSION
The objective of this study was to examine whether modulation of PLS3, which transports CL between the mitochondrial inner and outer membranes, in HeLa cells altered de novo CL biosynthesis and its resynthesis. We found that modulation of PLS3 activity resulted in an increased de novo CL biosynthesis from [1,3- 3 H] glycerol and a decreased CL resynthesis from [1- 14 C]linoleic acid. The reason for the increased CL synthesis from glycerol was due to increased CLS activity and its mRNA expression in cells with altered PLS3. The reason for the decreased CL resynthesis from linoleic acid was due to a decrease in mitochondrial MLCL AT enzyme activity in cells with altered PLS3.
PLS3 transports CL between mitochondrial inner and outer membranes [17] . HeLa cells expressing either PLS3 or the F258V mutant exhibited increased de novo biosynthesis of CL from [1,3- 3 H]glycerol due to an increase in CLS activity and its mRNA expression. The alteration in de novo CL biosynthesis appeared specific for CL since the mitochondrial decarboxylation of PS to PE was not affected in HeLa cells overexpressing a functional PLS3 or in cells expressing a disrupted PLS3 (F258V). CL de novo biosynthesis occurs on the matrix side of the inner mitochondrial membrane in mammalian cells [31, 32] . Total CL levels were reduced in F258V cells by almost 50 % compared with control or PLS3 cells [17] . In addition, the amount of CL on the outer membrane was elevated 22 % in PLS3 cells compared with control or F258V cells. Based on our data, we hypothesize that the cell may 'sense' altered levels of CL on mitochondrial membranes and that alteration of CL biosynthesis secondary to the movement of CL between mitochondrial inner and outer membranes may be a compensatory response. When PLS3 is overexpressed, the de novo biosynthesis of CL may be increased to replace the CL that is removed from the inner membrane. When the function of PLS3 is suppressed by its mutant, the de novo biosynthesis of CL may also be increased to provide CL to the outer mitochondrial membrane. Hence, PLS3 is identified as a novel regulator of de novo CL biosynthesis.
The observed reduction in CL resynthesis from [1-14 C]linoleic acid in PLS3 or F258V cells is more intriguing. In both PLS3 and F258V HeLa cell lines the reduction in [1- 14 C]linoleic acid incorporation into CL was not due to an alteration in the activities of mitochondrial PLA 2 nor an alteration in the fatty acid composition of CL. In contrast, mitochondrial MLCL AT enzyme activity was reduced in both PLS3 and F258V cells compared with control which would explain the reduction in [1- 14 C]linoleic acid incorporation into CL. The majority of mitochondrial MLCL AT activity is localized to the outer mitochondrial membrane [28] . Protein expression of mitochondrial MLCL AT was unaltered in PLS3 or F258V cells compared with controls, indicating that the observed reduction in resynthesis in these cells was not due to a reduction in the protein levels of this enzyme within the mitochondria. Thus it is possible that the mitochondrial MLCL AT may be sensitive to changes in the level and location of CL within the mitochondria. When purified pig liver mitochondria were incubated with increasing amounts of CL, MLCL AT activity was inhibited. Thus it is possible that the increased CL content on the mitochondrial outer membrane may lead to the reduction in mitochondrial MLCL AT activity observed in PLS3 cells. In contrast, F258V cells have a lower total amount of CL but not other phospholipids [17] . Previously we have demonstrated that alteration in the phospholipid composition of isolated rat heart mitochondria, mediated by the addition of exogenous phosphatidylcholine or PE to crude mitochondrial fractions, resulted in a reduction in mitochondrial MLCL AT activity [32] . Thus it is possible that a change in the phospholipid composition of mitochondrial membranes mediated by a reduction in CL level results in a decrease in mitochondrial MLCL AT activity in F258V cells.
In contrast to mitochondrial MLCL AT, MLCL AT activity in the ER and mRNA expression of ALCAT1 were elevated in PLS3 and F258V cells compared with controls. This upregulation of ER MLCL AT activity and ALCAT1 mRNA expression could serve as a compensatory mechanism for the reduction in CL resynthesis from [1- 14 C]linoleic acid in cells expressing altered functional levels of PLS3 in an effort to restore CL resynthesis to normal levels. MLCL is generated during Fas-mediated apoptosis of U937 cells and altered movement of CL and its metabolites from mitochondria to other cellular membranes has been proposed [33] . In addition, zones of contact between mitochondria and ER have been documented in mammalian cells [34] . Thus ALCAT1 could potentially serve as an extra-mitochondrial MLCL AT involved in the regulation of CL resynthesis outside mitochondria and on the outer mitochondrial membrane. Moreover, since CL movement is altered in PLS3 or F258V cells, it is possible that its deacylated intermediates may not be readily accessible to the CL resynthesis machinery within the cell. In any event, PLS3 is now identified as a novel regulator of CL de novo biosynthesis and its resynthesis in HeLa cells.
